An alloy commonly used for large pressure vessels, known as SA508 Gr. 3, has a microstructure after heat treatment consisting of a mixture of tempered bainite and martensite at fast cooled regions near surfaces subject to water quenching. These two phases are conventionally recognised to consist of fine platelets, each of which is approximately 0.2 µm in thickness; enhancing strength and leading to good toughness properties.
Introduction
An alloy used in the manufacture of RPV, designated commercially as SA508 Grade 3, has a typical chemical * Corresponding author.
composition:
Fe-0.2C-1.3Mn-0.9Ni-0.5Mo-0.2Cr-0.2Si wt%.
The components made using this material can be very large, wall thickness usually varies between 200 and 700 mm [1, 2] . It follows that the cooling rate must vary significantly as a function of depth from the surface. As a result, the microstructure generated can range from allotriomorphic ferrite in regions where the rate is slowest, to bainite or martensite where it is sufficiently rapid. The latter microstructures are desired since the steel is severely tempered, typically at 640 • C for many hours. The martensitic or bainitic regions remain relatively fine during this process and hence ensure the required level of toughness. The precipitation of carbides such as the molybdenum rich M 2 C needles ('M' stands for metal atoms) also tends to be more uniform in regions where the initial microstructure obtained on cooling is itself fine, i.e., the products of displacive transformation.
However, during the course of our investigations, some extremely coarse plates of martensite were observed, which according to recent theory, result from the coalescence of, separately nucleated, adjacent laths [3] [4] [5] [6] . Such coalesced martensite is known in other contexts to be detrimental to toughness, since each of the coarse plates is essentially crystallographically homogeneous and hence offers little resistance to cleavage crack propagation [3, 7, 8] . Previous studies have suggested that the process of coalescence is favoured by large undercooling below the equilibrium transformation temperature and that large austenite grain sizes must assist the process of coalescence [3] . However, it remains the case that experimental verification of the ideas is still minimal.
Therefore the purpose of the present work is to systematically study the effects of cooling rate and austenite grain size on the formation of coalesced structures, and to report the first observations of coalesced martensite in SA508 Gr. 3, with the aim of understanding the structure and helping to mitigate its consequences in an otherwise fine dispersion of martensite laths.
Findings made in the present study, leading to a possible reduction in toughness due to the existence of coalesced martensite, refer to the as prior service condition. Since SA508 steels are susceptible to neutron irradiation embrittlement during operation, this will also result in a loss of toughness [9] [10] [11] .
Mechanism of Coalescence
It has been discovered that there are circumstances where adjacent platelets of bainite or martensite that share the same habit plane and variant of the orientation relationship with austenite tend to impinge and coalesce in the absence of intervening phases to form much coarser structures [3] [4] [5] . These coarser structures, referred to as coalesced bainite or martensite, form during the course of phase transformation by the merger of finer plates, each of which is separately nucleated but in the same crystallographic orientation during prolonged growth [3, 4] . This creates a strong bimodal size distribution of plates, where coarser structures of several micrometers thick are surrounded by much finer plates, as seen in Fig. 1 The coalescence of martensitic structures has hardly been reported when compared to bainite for which there is a firm theoretical framework [3, 5, 12] . It is quite recent that attempts have been made to explain the formation of coalesced martensite [13] . Fat plates are associated with large strain energies since the latter scales with the thickness to length ratio [14] ; the driving force for transformation must be greater than this strain energy for the coalescence to occur. It has been demonstrated, for example, that supplementing the chemical driving force by a mechanical component due to applied stress, increases the propensity for martensite plates to combine [13] . Stress-affected transformations can cause major plate alignment with as little as 40 MPa, while stresses of 50 MPa have shown to increase significantly the formation of coalesced structures [15, 16] . Stresses of this level are quite feasible during the heterogeneous cooling of large components, such as RPV, due to thermal contractions.
Experimental Procedure
The chemical composition of the SA508 Gr. 3 steel used in this work is given in Table 1 . The material in its as-received state had been subjected to multiple heat treatments: austenitisation between 860 and 880 • C for approximately 12 h, water quenched and tempered between 635 and 655 • C for 10 h. The range in temperatures is due to the thermal gradients in thick samples, which makes the temperature in a particular location uncertain.
Specimens from the as-received condition were reheated at three different austenitising conditions; 860 • C for 1 h, 1150 • C for 10 min and 1200 • C for 48 h. Austenitisation conditions were chosen based on a previous work of the authors [17] , to obtain very dissimilar grain growth kinetics to understand the effects of austenite grain size on the formation of coalesced martensite. Following austenitisation, samples were continuously cooled to obtain martensite at cooling rates from 4 to 665 • C s −1 . Dilatometric analyses were performed in samples cooled up to 40 • C s −1 , and transformation temperatures were measured by the offset method [18] . For cooling rates above 40 • C s −1 samples were water cooled with temperature monitored at the surface. Austenite grain sizes for the austenitising conditions described above were revealed by thermal etching and characterised by the linear 
Results and Analysis
Thermal etching was found to be a suitable technique to reveal austenite grain boundaries in SA508 Gr. 3, as this technique allows for a clear delimitation of grain boundaries due to the formation of thermal grooves, as seen in Fig. 2 . Table 2 summarises the measured austenite grain sizes for the different austenitising conditions. The large difference in austenite grain sizes was intentionally engineered to gain an understanding of the consequence of grain size on the formation of coalesced martensite in SA508 Gr. 3 steels.
Determining martensitic transformation
Dilatometric experiments have been carried out to determine the extent of bainitic or martensitic transformation after quenching at different cooling rates. The dilatometric curves during continuous cooling from 4 to 30 • C s −1 are presented in Fig. 3 . By comparing the experimental transformation temperature with the calculated using MUCG83, it can be seen that at cooling rates of 4 • C s −1 the transformation is fully bainitic, while at cooling rates of 10 • C s −1 and above the material becomes fully martensitic. At intermediate cooling rates, 7 • C s −1 , the final microstructure at room temperature is a mixture of bainite and martensite. Bainite starts to form below 499 ± 12 • C during cooling at 4 • C s −1 . As the martensitic transformation is expected to be athermal, the M S temperature should be independent of the cooling rate. Therefore, the M S temperature was considered as the averaged value of transformation temperatures for cooling rates of 10 • C s −1 and above, resulting in a measured transformation temperature of 368 ± 8 • C. This work will concentrate on the analysis of fully martensitic structures formed at cooling rates of 10 • C s −1 and above. 
Identification of Coalesced Martensite in SA508 Steel
The significance of coalesced structures of bainite and marteniste, was recognised first by Chang and Bhadeshia [12] . However, an examination of the literature shows that the structures have appeared in other publications but have not been recognised as such, even for pressure vessels steels [20] [21] [22] [23] . Figure 4 shows the martensite obtained after austenitising at 1150 • C for 10 min, where abnormally large martensitic structures can be differentiated from an otherwise fine dispersion of martensite platelets. Figure 4c shows that the coalesced plates of martensite retain vestiges of their origins from individual platelets, which are the boundaries between the individual units which participated in the coalescence. This proves that the gross structure was formed by the merging of smaller plates, not the coarsening of a single plate in isolation.
Comparing the data for different cooling rates, there is evidence that changing from 10 to 40 • C s −1 , does not increase the likelihood of finding coalesced structures or their size, when the austenite grain size is maintained, as coalesced plates with a length ∼ 20 µm and thickness ∼ 3 µm have been found regardless of the cooling rate. This agrees with the fact that the mechanism of coalescence is controlled by the driving force during transformation, and therefore, the transformation temperature [13] . Figure 5 shows the calculated relationship between transformation temperature and driving force.
Analysis of the formation of coalesced martensite reveals that the coarse structures form independently of the austenite grain size over the range examined. Figure 6 shows the resultant martensitic microstructure after water quenching (80 • C s −1 ) of SA508 Gr. 3 steel after austenitisation at 860 • C for 1 h and at 1200 • C for 48 h. Experimental results show a clear relationship between austenite grain size and the dimensions, specially the length, of coalesced plates, as suggested by Bhadeshia [3] . As the austenite grain size is reduced from 221 to 7 µm, the length of the coarse structures is reduced, from ∼ 45 µm to ∼ 7 µm, while the thickness remains similar for both cases at ∼ 3 µm (these are apparent values since they have not been assessed for sectioning ef- 
fects).
Therefore the propensity to form coalesced martensite in SA508 Gr. 3 steel is insensitive to the austenite grain size, at cooling rates where fully martensitic microstructures are formed. 
Effects on toughness
A totally independent study on the toughness of heat affected zones of SA508 Gr. 3 steels, reported the case of a very low value of upper shelf energy Charpy impact energy, 67 J, while normal values were in the order of 170 J [22] . The authors identified the structure as a coarse grained martensitic structure. However, there was no explanation given for the observed low value of impact energy. The lack of crack surface investigation from the authors in the cited article, makes it difficult to determine the specific reasons for the low value of Charpy impact energy. Nevertheless, after the findings made in the present work, it is clear by looking at the microstructure corresponding to the sample of low impact energy (67 J) that the reason of such low toughness may be related to the existence of coalesced martensite, Fig. 7 . Although coarser structures are associated with lower toughness, it is noted that even the 67 J value must contain substantial ductile fracture. Further studies to conduct systematic experiments where both ductile and cleavage fracture are related to the presence or absence of coalesced martensite are recommended.
According to the experimental results obtained in the present investigation, by reducing the austenitic grain size, the dimensions of the coalesced martensite plates are considerably reduced. It is therefore tentatively proposed that to reduce the detrimental effect that coalesced martensite has on toughness, the austenite grain size should be maintained to a minimum by austenitising at temperatures below the grain "coarsening temperature", where grain boundaries experience a pinning force due to AlN precipitates so that the grain size rapidly reaches a limiting value [17] . To confirm the effects of the size of coalesced martensite on toughness in SA508 Gr. 3 steels more testing would be needed. 
Tempering of coalesced structures
It has been shown that coalesced martensite will form in rapidly cooled regions of the SA508 Gr. 3 forgings. However, ASME / ASTM specifications stipulate that a tempering treatment should be performed, over 620 • C for 30 min or more per 25.4 mm of section thickness, following water quenching [24] . Therefore, it is important to understand the effects of this severe tempering on the coarse structures.
A sample austenitised at 1150 • C for 10 min and icesalty-water quenched (the measured cooling rate at the surface was 665 • C s −1 ) was tempered at 660 • C for 6.2 h. Scanning electron microscopy confirmed the presence of coarse structures following tempering, Fig. 8 . The larger carbides tended to decorate the plate boundaries, thus revealing the coarse scale of some of the tempered coalesced-martensite. The results show that the large coalesced martensite plates are retained in the tempered microstructure. 
Conclusions
Coarse plates of martensite have been discovered in a nuclear pressure vessel steel (SA508 Gr. 3). These plates could lead to a deterioration in toughness given that they would be more effective at initiating cleavage failure and less effective in deflecting the propagation of cleavage cracks. The essential conclusions of the study relating the occurrence of coalesced plates as a function of the austenite grain size and cooling rate can be summarised as follows:
1. The coalescence of the martensite plates could not be avoided for cooling rates that exceed 10 • C s −1 , where fully martensitic microstructures are formed. Indeed, the cooling rate over the range studied, did not seem to affect the number density or thickness of the coalesced structures. 2. A clear relationship between austenite grain size and the dimension of the coalesced structures is found. Smaller austenitic grains will result in a significant reduction in the length of the coalesced martensite plates. 3. Unexplained cases of very low toughness reported in previous studies of SA508 Gr. 3 steels may be explained by the presence of coalesced martensite in the microstructure. An examination of the published micrographs revealed coalesced martensite plates but their presence was not noted in the publications reviewed. 4. The merging of independently nucleated, adjacent platelets to produce thicker crystallographicallyhomogeneous grains must be detrimental to toughness. But the effect on toughness could be mitigated by minimising the austenite grain size, since this in turn limits the scale of the martensite. 5. Severe tempering does not destroy the bimodal platesize distribution resulting from the coalescence of some of the plates. The coalesced regions are clearly delineated by the precipitation of carbides at the boundaries of the coalesced plates. 6. The present work defines a need to relate toughness and fracture facet size to the underlying microstructure, and this forms the basis of our future work.
